Many oncogenic mutations inactivate the tumor suppressor p53 by destabilizing it, leading to its rapid aggregation. Small molecule drugs are being developed to stabilize such mutants. The kinetics of aggregation of p53 is deceptively simple. The initial steps in the micromolar concentration range follow apparent sigmoidal sequential first-order kinetics, with rate constants k 1 and k 2 . However, the aggregation kinetics of a panel of mutants prepared for Φ-value analysis has now revealed a bimolecular reaction hidden beneath the observed first-order kinetics. Φ u measures the degree of local unfolding on a scale of 0-1. A number of sequential Φ uvalues of ∼1 for k 1 and k 2 over the molecule implied more than one protein molecule must be reacting, which was confirmed by finding a clear concentration dependence at submicromolar protein. Numerical simulations showed that the kinetics of the more complex mechanism is difficult, if not impossible, to distinguish experimentally from simple first order under many reaction conditions. Stabilization of mutants by small molecules will be enhanced because they decrease both k 1 and k 2 . The regions with high Φ u -values point to the areas where stabilization of mutant proteins would have the greatest effect.
Many oncogenic mutations inactivate the tumor suppressor p53 by destabilizing it, leading to its rapid aggregation. Small molecule drugs are being developed to stabilize such mutants. The kinetics of aggregation of p53 is deceptively simple. The initial steps in the micromolar concentration range follow apparent sigmoidal sequential first-order kinetics, with rate constants k 1 and k 2 . However, the aggregation kinetics of a panel of mutants prepared for Φ-value analysis has now revealed a bimolecular reaction hidden beneath the observed first-order kinetics. Φ u measures the degree of local unfolding on a scale of 0-1. A number of sequential Φ uvalues of ∼1 for k 1 and k 2 over the molecule implied more than one protein molecule must be reacting, which was confirmed by finding a clear concentration dependence at submicromolar protein. Numerical simulations showed that the kinetics of the more complex mechanism is difficult, if not impossible, to distinguish experimentally from simple first order under many reaction conditions. Stabilization of mutants by small molecules will be enhanced because they decrease both k 1 and k 2 . The regions with high Φ u -values point to the areas where stabilization of mutant proteins would have the greatest effect.
protein | amyloid | folding | misfolding | cancer T he p53 tumor suppressor plays an essential role in genome surveillance and protects against cancer (1) (2) (3) (4) (5) . p53 is inactivated in more than 70% of cancer types by missense point mutations, mainly located in the DNA-binding core domain (6) (7) (8) . WT p53, with a melting temperature of 45°C (9) , is intrinsically thermodynamically unstable (10) , as well as kinetically (11) . Many of the oncogenic mutations further destabilize p53, leading to its rapid aggregation at body temperature (10) (11) (12) (13) . The increased aggregation propensity of the destabilizing mutants, such as R175H, Y220C, and R249S, not only causes loss of function but is also suggested to exert a dominant negative function by coaggregation with WT p53 (12, 14) , p63, and p73 (15) (16) (17) (18) (19) . p53 mutants with higher aggregation propensity are reported to impair p73-and p63-mediated transcription and apoptosis (15) . These p53 mutants accumulate at high levels in most of tumors due to resistance to proteasome-dependent degradation. The high expression of mutant p53 in tumors makes stabilizing the mutants and restoring their WT functions an attractive strategy to eliminate selectively tumor cells.
Small molecules have been developed to stabilize such destabilizing mutants (20) . Many of them are from cell or in vitro screening (21, 22) , whereas others are rationally designed from the structures of WT p53 and mutants (21, 23) . These small molecules can effectively restore WT activity of mutant p53 and specifically kill cancer cells.
The best-studied examples of protein aggregation are those that form regular repeating fibrillar structures (24) (25) (26) (27) . p53 aggregates have some of the diagnostic features of such fibrils, such as the binding of the dye thioflavine T (ThT), and will form regular fibrils under some conditions (28, 29) . Generally, however, especially at physiological temperature and pH, p53 forms amorphous aggregates, which still contain the β-structural elements responsible for ThT binding and other properties (28, 29) . Amorphous aggregates are very commonly found, but there are few systematic studies of their mechanism of formation (30) . We are analyzing the mechanism of amorphous aggregation of p53 in its own right, as well as to aid in the design of inhibitors (31) . The basic kinetics consists of two apparent sequential first-order steps to generate an aggregation competent intermediate that then rapidly forms amyloid structures that bind ThT and then undergo further slower rearrangements to generate large amorphous structures (31, 32) .
Φ-value analysis is a powerful systematic experimental tool to map transition and intermediate states at a resolution of individual residues in ligand binding (33) and folding (34) (35) (36) . For an unfolding process, the ratio of the change in free energy of activation of unfolding, ΔΔG ‡-N , on mutation of a specific residue to the change in free energy change of denaturation, ΔΔG N-D , is defined as Φ u . A value of Φ u = 1 implies that the transition state for unfolding is as energetically weakened at the site of mutation as is the denatured state. Conversely, Φ u = 0 implies that it has the same energy as the native state.
Here, we used Φ-value analysis to characterize the early transition states for the aggregation of p53. The panel of mutants synthesized exhibited a variety of kinetics and unexpected values of Φ u , which uncovered a bimolecular reaction mechanism hidden within the observed sequential first-order kinetics in the usual experimental concentration range (31) .
Results
Kinetics of Aggregation of Mutants. Some mutants aggregated so fast that we could not use a standard parent protein for all mutations and make measurements at the same temperature. We used a series of different pseudo-WT reference constructs of different stability (Table 1) and made measurements at 30, 33.6, or 37°C, the unstable mutants reacting too rapidly to measure at 33.6 or 37°C and the more stable ones too slowly at 30 or 33.6°C. We
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The tumor suppressor p53 is inactivated by aggregation in a substantial number of tumors, and those oncogenic mutants coaggregate with WT protein and other tumor suppressors. Inhibition of aggregation by small molecules is a possible drug therapy. p53 aggregation appears to have much simpler kinetics than commonly encountered in fibrillation, with two rate-determining sequential, apparently first-order, steps. We showed by combining mutagenesis and kinetics that the rate determining steps involve two molecules of p53 extensively unfolding and reacting in a bimolecular process that can appear first order. The mechanism provides a basis for understanding the progress of aggregation and coaggregation and points to the most effective drug targeting sites.
fitted the binding of ThT to the equation used previously for sequential first-order reactions, see Scheme 1 (31, 32)
where F t is the intensity of ThT fluorescence at time t, and m, the amplitude, = [A] 0 f, where f is the specific fluorescence of ThT bound to the aggregate. The small linear term of k 3 t was included to allow for machine drift and the settling of particles over the time course, and the term a is included to allow for a nonzero intercept at t = 0. For short time courses, which we used for the Φ u -value analysis, we omitted the k 3 t term. The yield of ThT emission is lower than that from the small proteins more usually studied because they form amyloid β-structures along most of their sequences, whereas only a small fraction of the p53 chain forms the fibrillar aggregate, and the remaining structure decorates it. The progress curves for the core domain of Y220C in stabilized quadruple mutant construct QCYC fitted Eq. 1 very well from 0.3 to 12 μM (Fig. 1 A-C) . Unlike aggregation of amyloid fibrils, which will be accelerated by stirring, the rate constants were relatively independent of whether the reaction mixtures were stirred or unstirred before dense aggregate settled. WT p53 core domain (WTC), unstirred, (Fig. 1D and Fig. S1 ), for example, had slightly lower amplitude terms but fitted similar rate constants as stirred.
Plots of k 1 and k 2 vs. protein concentration (Fig. 2 A and B) were hyperbolic in nature, with apparent dissociation constants of ∼1.5 μM. The initial rate V 0 (= dF t /dt 2 ) t=0 of the increase in fluorescence vs. t 2 when plotted as logV 0 vs. log [protein] gives as slope the number of molecules in the nucleus − 2 for a homogeneous nucleation mechanism (37, 38) . An equivalent plot in terms of the rate constants for sequential first-order reactions is log(k 1 k 2 A) vs. log [protein] , where A is the amplitude of the curve (31) . Such plots, from measuring V 0 directly or indirectly from k 1 k 2 A, gave slopes that decreased with increasing concentration. The slopes tail off at 1 at high concentrations and tend to 2.6 at low ( Fig. 2 C and D) . Eq. 1 also held for the binding of ThT during the aggregation of some 30 mutants of the core. The derived plots of k 1 and k 2 vs. [protein] exhibited a variety of behavior (Fig. S1 ). Some showed peaks in k 2 vs. [protein] . Mutants studied over a wide range of concentrations showed similar behavior to that of QCYC (Fig. S2) , with slopes of log (k 1 k 2 A) vs. log[protein] decreasing from ∼2.6 to ∼1. Some mutants studied over short concentration ranges had slopes rolled over to 1 and others were close to 2 (Fig. S1 ).
Urea also significantly accelerated k 1 and k 2 ( (Table S1 ). The averaged fractional increases in solvent exposure of p53 variants in the transition state relative to that on complete unfolding were 0.35 ± 0.02 and 0.48 ± 0.04 for k 1 and k 2 , respectively, which indicated a large degree of unfolding in each step (39) .
The slopes are inconsistent with a homogeneous nucleation mechanism but are consistent with a reaction that is undergoing a transition from second or third order at low concentrations to first order at high concentrations. Further, a preliminary Φ-value analysis (see below) showed that the change in activation energy k 1 and k 2 [calculated from RTln(k mutant /k wild-type )] for some mutants approached the full change in their free energy of denaturation (Φ u ∼1 for both k 1 and k 2 ), indicating that the mutated region fully unfolds at each step, implying that two or more protein molecules were unfolding during the process because one molecule cannot unfold twice in one process.
Kinetic Mechanism for Aggregation. The previous kinetic scheme involved two sequential first-order steps to give an aggregation competent intermediate, C, which undergoes rapid polymerization (Scheme 1 in Fig. 3 ). That scheme must be expanded to include the progress curves fitting well to apparent sequential two-step first-order kinetics; the decrease in rate constants at low concentrations of protein; and the effects of urea and a preliminary Φ-value analysis indicating two molecules unfolding. The simplest mechanism that could lead to saturation kinetics is Scheme 2 (Fig. 3) . In the first step, WT structure A forms B, which reversibly associates with A and then forms the aggregation competent state C (k 2 > k 1 for QCYC) (31) . We must emphasize that many different mechanisms can have the same qualitative behavior, including schemes with off-pathway intermediates (30) or initial homodimerization. Scheme 2 is the simplest that can recapitulate the observed behavior. Its properties explain the basic features of the observed kinetics.
The kinetic equations are very difficult to solve analytically because they lead to second-order differential equations as the concentration of A in the scheme changes and are also involved in a second-order step. Qualitatively, we expect biphasic kinetics: a fast exponential initial lag phase as B and AB are formed, followed by a slow accumulation of C in a progress curve that changes from first-order to second-order kinetics as the concentration of A decreases from saturating to subsaturating for binding to B. We can, however, provide approximate solutions at extreme concentrations of A. 
The initial part of the slow phase will also approximate to exponential when A remains high and is above K D . 
The slow phase for [A] ( K D will follow simple second-order kinetics. Solving the steady-state equations and approximating
Numerical Simulation. We simulated the progresses curves numerically, using the program Tenua (bililite.com/tenua). Typical simulations in Fig. 4 used Scheme 2, where k +1 = 0.05 min
. The simulated output at higher concentrations of protein fitted exceptionally well to the analytical solution of a simple two-step first-order scheme A → B → C, using the equations used to analyze experimental data (note, reversible two-step first-order kinetics fit to the same curves as irreversible reactions, but where the observed values of k 1 and k 2 are functions of all of the rate constants, and we are not assuming that k 1 and k 2 are each unimolecular irreversible rate constants). Deviations from the fits to first-order kinetics should be seen as the concentration of protein decreases below K D so the kinetics becomes second order. That situation occurs toward the end of progress curves at initial concentrations ) K D or earlier on in the progress curves where initial concentration are <K D . The earlier the part of the time course that is analyzed, the closer should be the fit to first-order kinetics as the concentration of protein remains relatively constant. At 10 μM protein, 5 × K D , (Fig. 4D) , the loss of monomers was 98% complete after 100 min and the curve fit had a correlation coefficient of R = 0.99998. At 20 min (Fig. 4C) , the reaction was 78% completed, and the correlation coefficient was 1.0. Even at lower concentrations, the fits were good: at 1 μM protein, half the value of K D , the loss of monomers was 84% complete after 100 min (Fig. 4B) , and the curve fit had a correlation coefficient of R = 0.99996. At 20 min (Fig. 4A) , the reaction was 50% completed and the correlation coefficient was 1.0. These fits were so good that Schemes 1 and 2 could not be distinguished experimentally by the quality of the fits as the noise in the experimental data would be far greater than the theoretical deviations.
We plotted rate constants obtained from the first-order fits to the simulated data for (Fig. 5A) ; the theoretical value expected is 0.1 min −1 , i.e., 2 × k +1 . The curves for k 2 (Fig. 5B ) recapitulated the experimental curves, with the longer time courses peaking in the middle and the shorter time courses being smooth. Fitting hyperbolic curves to the data (Fig. 5B) gave values of K D between 0.5 and 0.9 μM, and the maximum values converge on the predicted value of 1.0 min −1 at [protein] = 5 × K D i.e., k +3 . The values of k 2 were approximately constant between 1 and 10 μM, despite K D being 2 μM. The product k 1 k 2 was more robust with degree of time course (Fig. 5C) , varying between 0.1 and 0.11 min −2 , with apparent K D between 1.2 and 0.97 μM. A plot of logk 1 k 2 A vs. log[p53] gives a slope of 1.61-1.68 in the middle of the experimentally observed values. The value expected for purely first order is 1 and for purely second order is 2, so the data were consistent with a gradual changeover in the 0.1-to 10-μM range. Using numerical simulation, we also found that changing k +1 , k +2 , k -1 , and k -2 greatly changed the concentration dependence of the observed rate constants k 1 and k 2 . Hence, different concentration-dependent behaviors (Fig.  S1 ) of the mutants may arise because mutation affects the different microscopic rate constant values of k +1 , k +2 , k -1 , and k -2 .
We saw experimentally the divergence from consecutive firstorder reaction kinetics from individual curve fits at low protein concentrations, where the kinetics became second order as the reaction proceeds. If we fitted just the first part of the curve for the low concentrations, we got a good measurement of the fast rate constant, which is still first order, but the slower one changes according to the length of time course analyzed. At high concentrations of protein, we got very good fits to very long time courses, which gave very similar results to those for short time courses.
The important conclusions from the simulations are that the complex kinetics of Scheme 2 fit the solution of the simpler Scheme 1 to a good approximation over a reasonable range of concentrations and give a very good approximation of the values of k +1 and k +3 at high concentrations of protein. We now use that information to illuminate the stabilization of structure at various positions and seeding.
Φ-Value Analysis of k 1 and k 2 . The two empirical rate constants k 1 and k 2 were sensitive to mutation. We conducted a Φ u -value analysis on their observed values at high concentrations of protein, without assuming any mechanism (Φ u = Φ for unfolding; Fig. 6 ). We simply measured the ratios of the changes in their individual activation energies on mutation, ΔΔG ‡-N , to that of the change in free energy of denaturation, ΔΔG D-N , measured from urea denaturation curves. [As for many other proteins, unfolding of p53 happens before aggregation (11) .] The chosen mutation sites were mainly within the β sandwich region. Generally, one should use conservative mutations that delete parts of side chains (e.g., Ile to Val, Thr to Ser, etc.), which was done, but more radical mutations can be interpreted if the Φ u -values are close to 0 or 1 (34) (35) (36) . For accuracy, only mutants with ΔΔG D-N >0.6 kcal/mol were used (35) . Although some of the rate constants were not highly accurate, the possible errors would make only small errors in the calculation of Φ u as the changes in free energy of denaturation were large and calculations are on a ratio of logarithms. Several of the mutations were in the same region of structure, or even of the same residue, and the results were internally consistent. Most Φ u -values were similar for both k 1 and k 2 and generally greater than 0.5, consistent with the high fraction of overall solvent exposure in the transition states as indicated by the effect of urea on unfolding rate constants.
Low Φ u -Value Regions. The interactions around residues 146, 162, 220, 231/233, and 254 were significantly, but not fully, disrupted in the transition state. , k -1 = 0.5 min . Derived rate constants from simulated plots using the same inputs as in Fig. 4 vs. protein concentration for time courses of 20, 40, 80, and 100 min (0.1-10 μM protein for k 1 and 0.03-10 μM for k 2 ). Concentration dependence of rate constants (A) k 1 , (B) k 2 , (C) k 1 k 2 , and (D) initial aggregation rate. Time courses over 20 and 40 min were fitted to Eq. 1 without the linear drift term, which was included for 80 and 100 min. The term a was included to mimic the fitting of data in experiments. The values of k 1 and k 2 plotted are the observed values from fitting aggregation curves given by Scheme 2 with Eq. 1 as shown in Fig. 4 and not the microscopic values in Scheme 2.
High Φ u -Value Regions. The environment around loop regions 173 (L2), 256 (loop between S9 and S10), β-strand regions 124, 125 (S2), 195 (S4), 216, 217 (S7), and H2 helix 282 were largely disrupted in the transition state ( Fig. 6 ; Φ u values > 0.6-0.7). Most of these sites are in flexible regions of the p53 structure, including L1, L2, the loop between S9 and S10 [256-270, which is recognized by the antibody DO-12 (40)], and S7 [213-217, recognized by PAb240 (41)].
The major groove of the DNA binding region has helix H2 (278-287) and loop L1 (113-123) of the loop-sheet-helix motif. Arg282, a mutational oncogenic hotspot (8) , plays a structural role in packing of the helix H2 onto the S2-S2′ β-hairpin. High Φ u -values for R282A and T125A mutations, which disrupt the hydrogen bond between 125 and 282, showed the interactions were largely disrupted in the transition states (Fig. 6) .
The side chain of V173 in loop L2, covering the β sandwich, interacts with residue I251. The Φ u -value of V173A is ∼1 and Φ u for I251V is also high, showing this part of structure was largely exposed in the transition state. V216 interacts with I195 in the hydrophobic core. The Φ u -value for V216A was ∼1 and that of I195V was ∼0.6, implying the core was also largely disrupted in the transition state.
Discussion
Simple Kinetics Hides a More Complex Mechanism. The initial ratedetermining stages for the formation of amyloid structure from p53 before the subsequently slower rearrangement into large particles fit well within normal experimental error to consecutive first-order reaction kinetics, Scheme 1, with two observed firstorder rate constants, k 1 and k 2 (31, 32) (Fig. 1) . We now analyzed more than 30 mutants of p53 over a wide range of concentrations to conduct a Φ u -value analysis. Such studies, in addition to the quantitative data obtained, can provide a series of in-built controls to discover new information about reactions. Different mutants had rate constants that depended in different ways on the concentration of protein, indicating clearly that a bimolecular step was also involved (Fig. 2 and Fig. S1 ). The Φ u -value analysis indicated that each of k 1 and k 2 involved the unfolding of a molecule of p53, with full unfolding in several regions (Fig. 6) . However, there would appear to be a contradiction between the bimolecular processes indicated by the Φ u -value analysis and the change of rate constants over a wide range of concentrations on the one hand and, on the other hand, individual progress curves fitting well to sequential first-order kinetics. We could not solve the kinetics of Scheme 2 analytically and resorted to numerical simulation to understand the dilemma. Remarkably, simulation of Scheme 2 generated progress curves that are indistinguishable within reasonable experimental error from those of sequential first-order kinetics of Scheme 1 (Fig. 4) . The numerical simulations recapitulated discontinuities that appeared in the experimental plots of observed rate constants vs. protein concentration (Fig. 5) . Therefore, a more complex mechanism is not inconsistent with the simple observed kinetics.
Scheme 2 is the minimal reaction scheme that can account for those facts. Other schemes can be devised that would also generate the same kinetic curves, such as those involving off-pathway intermediates (30) . Because of that, we will not try to assign at this stage k 1 and k 2 to microscopic rate constants as there will be other interpretations. We just draw conclusions from two observations that are independent of precise mechanism: there are two rate determining steps in the initial stages of aggregation of p53 that are sensitive to mutation; and we know the effects of mutation on those steps. The fundamentals of the kinetic mechanism provide a basis for understanding the kinetics of aggregation of full-length p53 and its possible seeding by oncogenic mutants.
Conclusions from Φ-Value Analysis. Mutation of residues in L2 and S7 gave Φ u -values of close to unity for both steps, and for other regions, the sum of both Φ u -values was significantly greater than 1 (Fig. 6 ). Each step, therefore, involved the considerable unfolding of a molecule of p53, consistent with the concentration dependence of k 1 and k 2 . The Φ u -values point to regions that would be the most sensitive targets to compounds that inhibit the aggregation of p53 by binding to the native structure; tying together segments that fully unfold in the transition state and have large changes in energy would be the most effective. The high Φ u -values in the DNA binding region, for example, explain why binding of cognate DNA stabilizes so well against aggregation (42) . Conversely, the relatively low Φ u -value of residue 220 explains why small molecules binding in the cavity caused by Y220C inhibit each of k 1 and k 2 by only 60-70% (31, 32) . The region around Tyr220 is only partly disrupted in the transition state, so drugs targeting this site can only partly inhibit aggregation, and parallel aggregation pathways are observed as both the ligand-free protein and its complex with a small molecule can unfold within an order of magnitude of each other (31) .
Methods
Protein Expression and Purification. Mutants were constructed using QuikChange site-directed mutagenesis (Stratagene) (43) . Recombinant p53 proteins including core domain and full-length variants were expressed and purified as previously described (32, 44) . For full-length p53 variants, DsbA within the lysate was removed by washing with denatured Escherichia coli proteins after adsorption of target protein to a Ni column.
Equilibrium Denaturation. Equilibrium denaturation of p53 core domain (94-312) variants was measured at 10°C (10) in a buffer of 25 mM potassium phosphate, 150 mM NaCl, 1 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP), and various concentration of urea, pH 7.2. Denaturation was monitored by fluorescence using a Horiba FluoroMax-4 Spectrofluorometer with excitation at 280 nm and emission scanned from 300 to 370 nm. Slits for excitation and emission were 5 nm. Each sample was incubated at 10°C for 12 h before fluorescence was measured. For p53 long core (89-312) and its mutants, protein was excited at 280 nm, and the emission spectrum was scanned from 300 to 500 nm. The fluorescence intensity change at 356 nm was used for WTC and integrated from 356 to 500 nm for WT long core (WTLC).
Measurement of Melting Temperatures. The melting temperature of p53 variants were measured using SYPRO Orange as described previously with 10 μM protein in 25 mM potassium phosphate, 150 mM NaCl, and 1 mM TCEP, pH 7.2 (44).
Kinetics of Aggregation. Aggregation kinetics of native p53 variants was monitored by light scattering and ThT fluorescence using a Horiba FluoroMax-3 spectrophotometer (31, 32) in buffer of 25 mM potassium phosphate, 150 mM NaCl, 1 mM TCEP, 5% (vol/vol) DMSO, pH 7.2 and, where required, 20 μM ThT.
Calculation of Φ u . Φ u was calculated from the rate constants k 1 and k 2 using Φ u = −RTln(k wt /k mut )/ΔΔG D-N , where ΔΔG D-N is the difference in free energy of denaturation between WT and mutant (10) . The values of k 1 and k 2 were mainly taken from the plateau regions in the curves of observed rate constant k vs.
[p53] for both mutant and parent. Where curves of k vs.
[p53] could be fitted well to a simple saturation isotherm, we used the numerical fit to the curve. For others, we used the highest measured value. Three core domain constructs were used (Table 1 ). For most of the mutants, the pseudo-WT was QCYC. For WTCI254D aggregating at 37°C, the pseudo-WT was WTC. The data from WTLC were not used because the rate constants did not sufficiently approach the plateau region.
